Overview {#sec001}
========

Almost universally, animals have two sexes: male and female. In most cases, the genetic basis of sexual differences can be traced to the sex chromosomes. In humans, fruit flies, and many other animals, females have two X chromosomes and males have one X and one Y. This karyotype has independently emerged multiple times in different animal lineages, but the sex chromosomes typically follow a similar trajectory whereby the two sex chromosomes differentiate into a specialized X and a degenerate Y. However, over short evolutionary times, sex chromosomes were thought to be relatively stable, with only infrequent changes such as fusion of sex chromosomes and autosomes. But recent work, including that reported in this issue by Vicoso and Bachtrog, is challenging this notion. The authors use DNA sequencing and mapping across many Diptera (fly) species to identify their sex chromosomes and discover numerous major changes in sex chromosome structure and identity among 37 species. These studies raise important questions of how gene dosage and regulation are maintained as karyotypes change, and what evolutionary forces drive the continual changes in sex chromosome identity.

Sex Determination Is Labile {#sec002}
===========================

Most animals come in male and female forms with many obvious visible and physiological differences. Cytologists long ago noticed that male and female karyotypes also often differ, with one sex having two distinct or heteromorphic sex chromosomes and the other having two copies of a single monomorphic sex chromosome. In many organisms including mammals and Drosophila, males are heterogametic with the X and Y chromosomes, while females are homogametic with two X chromosomes. In birds, butterflies, and other species, the opposite pattern is found where females are heterogametic (ZW chromosomes) and males are homogametic (ZZ chromosomes). It was also appreciated long ago that the genetic basis of sex determination is remarkably variable. For example, although mammals and Drosophila have the same sex chromosome karyotypes, sex determination depends on a dominant Y-linked male determiner in the former and a system of dosage-dependent, X-linked female determiners in the latter \[[@pbio.1002077.ref001],[@pbio.1002077.ref002]\]. Then there are curious cases like houseflies, where different populations have been found having male determiners on different chromosomes \[[@pbio.1002077.ref003]\]. Beyond even this variation are some amphibians and reptiles that determine sex based on environmental signals \[[@pbio.1002077.ref004]\].

These observations raise some fundamental questions that often arise in many other contexts when thinking about evolution. How do regulatory pathways controlling conserved phenotypes evolve? How do evolutionary transitions occur? The dissection of sex determination regulatory pathways has demonstrated that they display a mix of highly conserved and evolutionarily labile components. For example, the primary regulator of sex determination and dosage compensation in Drosophila, the *Sex-lethal* gene, does not show sex-specific regulation in other flies or insects and is thus unlikely to play a role in sex determination outside the Drosophilidae family \[[@pbio.1002077.ref005]\]. Two of its downstream regulatory targets, the *transformer* and *doublesex* genes, however, appear to determine sex throughout insects \[[@pbio.1002077.ref006]\]. Looking more broadly, *doublesex*-related genes regulate sexual differentiation in a very wide range of invertebrates and vertebrates \[[@pbio.1002077.ref007]\]. A picture thus emerges of a deeply conserved terminal regulator upon which upstream control genes have been added on during evolution.

What about the evolution of the sex chromosomes? Heteromorphic sex chromosomes are thought to evolve from a pair of homologous autosomes ([Fig. 1](#pbio.1002077.g001){ref-type="fig"}). Differentiation first begins when one of the two homologs acquires a sex-determining gene either through a de novo mutation or transposition from a different chromosome. If a male-determining gene is inserted, the former autosome now becomes a proto--Y chromosome and will reside exclusively in males. Alleles closely linked to the male-determining gene will also be largely restricted to males because they will rarely be separated by recombination. This sex-specific restriction opens the potential for closely linked alleles to evolve phenotypes that are beneficial only to males; some such alleles may even have pleiotropic deleterious phenotypes if expressed in females. Because crossing over would now create recombinant individuals carrying deleterious combinations of genes favoring opposing sexes, selection will favor the further reduction of recombination around the male-determining gene. Suppression of recombination then permits additional accumulation of male-beneficial genes on the proto-Y, and as the formerly homologous chromosomes become more differentiated, recombination becomes suppressed in larger areas.

![The dynamic cycle and multiple pathways of sex-chromosome evolution.\
Heteromorphic sex chromosomes evolve from a pair of autosomes and typically follow a trajectory of X specialization and Y degeneration. New sex chromosomes can evolve by either chromosomal fusions or acquisition of new sex-determination genes. Y and X events are indicated above and below the chromosomes, respectively.](pbio.1002077.g001){#pbio.1002077.g001}

However, the cessation of recombination also dooms the heterogametic (Y) chromosome. Recombination is an essential process that separates advantageous and deleterious mutations on the same chromosome, allowing fixation of the former and purging of the latter. In its absence, deleterious mutations irreversibly accumulate, producing a degenerate chromosome containing nonfunctional pseudogenes and replete with noncoding junk DNA. The degeneration is expected to ultimately lead to the complete loss of the Y chromosome.

The homologous X also undergoes specialized evolution. As the Y degenerates and loses gene function, the X becomes effectively haploid in males, while the rest of the genome is diploid. Therefore, the ratio between products of X-linked genes and autosomal genes is halved compared to that of XX females, creating a detrimental imbalance for dosage-sensitive genes.

Multiple dosage compensation strategies have evolved to solve this problem \[[@pbio.1002077.ref008]\]. In Drosophila, the expression of X-linked genes is up-regulated in males via recruitment of a special complex of RNAs and proteins that modifies the male X chromatin state. In contrast, placental mammals solve this imbalance by randomly inactivating one of the X's in females, via the formation of a heterochromatic silent state known as a Barr body.

These findings have led to the notion that differentiation of sex chromosomes is an evolutionary dead end, as the Y terminally degenerates and the X evolves a specialized chromatin state to achieve dosage compensation. Consistent with this view, all therian mammals share the same X chromosome, thought to have emerged over 180 million years ago. Rarely, a new Y might evolve by transposition or de novo evolution of a new dominant male-determining gene on a former autosome, leading to a repeat of the cycle of sex chromosome differentiation. At other times, differentiated sex chromosomes might fuse with autosomes to create neo-sex chromosomes. However, this process only delays the same fate as the neo-Y will degenerate and the neo-X will become more specialized ([Fig. 1](#pbio.1002077.g001){ref-type="fig"}).

Sex Chromosomes Change Often {#sec003}
============================

The karyotypes of most diptera are largely similar, with five large rods and one small dot, named Muller elements A through E and F, respectively. The conserved karyotype seemingly suggests that sex chromosomes are also largely static in these insects, but Vicoso and Bachtrog have shown that this expectation is surprisingly wrong \[[@pbio.1002077.ref009]\]. They devised a simple but effective assay to identify the sex chromosomes from whole genome sequences. In a species with highly differentiated (i.e., old) sex chromosomes, few sequences will remain the same between the X and Y chromosomes because they diverged from a common autosome long ago. Therefore, since males only have one X, the number of DNA sequence reads mapping to it should be half of those mapping to the autosomes. In contrast, the entire genome of females is diploid, so there should be equal mapping coverage of the autosomes and the X. For species with less diverged (i.e., younger) sex chromosomes, the relative number of reads mapping to the X versus autosomes in DNA from males will be somewhere between 0.5 and 1. Using this approach, the authors found that the Muller element A, the X in Drosophila, was an autosome ancestrally in diptera. Instead, what is now the autosomal dot chromosome in Drosophila (element F) was likely the X in ancestral species and remains a sex chromosome in several non-Drosophila families including *Tephritidae* (the other family commonly called fruit flies) and *Sarcophagidae* (the rather unpleasant family commonly known as flesh flies). These results demonstrate that sex chromosomes can revert back to autosomes, and that their differentiation does not have to be a dead end.

Now in this issue, Vicoso and Bachtrog have expanded their approach to characterize the turnover of sex chromosomes in 37 Dipteran species spanning over 250 million years of evolution \[[@pbio.1002077.ref010]\]. They find that while Muller element F is indeed the ancestral X, multiple lineages substituted it with other chromosomes to evolve new X's. The range of events observed is striking. Moreover, in some species the derived sex chromosomes are no longer heteromorphic, suggesting very recent acquisition of the sex-determining factor. In others, the sex chromosomes are slightly older, and likely in the process of differentiation. Overall, they find at least one example where all or part of each Muller element has become a sex chromosome. These findings and other recent studies raise many interesting issues, five of which we consider here.

Loss of Dosage Compensation and Regained Diploidy {#sec004}
-------------------------------------------------

After the emergence of a new X, the old X has to reestablish diploidy in males and lose dosage compensation as it becomes an autosome. While there is little supporting evidence, meiotic nondisjunction (that is, the failure of two chromosomes to segregate during meiosis) is one mechanism that can restore diploidy in a single generation \[[@pbio.1002077.ref009]\]. The simplest way for this to happen is for a sperm without the old X to fertilize an egg with two X's that failed to segregate during meiosis in the mother.

As diploidy is restored, dosage compensation of the old X is not only unnecessary, but will result in deleterious imbalances of gene dosage. Therefore, dosage compensation of the old X needs to be eliminated. In the case of Drosophila, the dot chromosome is no longer dosage compensated, while the Muller A recruits the male-specific dosage compensation complex by using short motifs scattered throughout the chromosome. This change appears to be due, in part, to abandonment of ancestral machinery. In Drosophila, only the X and dot chromosomes have chromosome-specific targeting, the former by the dosage compensation machinery male-specific lethal (MSL) complex and the latter by the protein Painting of fourth (POF). Several lines of evidence have suggested that POF mediates dosage compensation of the dot ancestrally, but it appears to have no role in up-regulating the X in most species of Drosophila \[[@pbio.1002077.ref011]\]. Curiously, the dot is also preferentially bound by SETDB1, a repressor that silences through histone methylation, potentially through interaction with POF \[[@pbio.1002077.ref012]\]. This localization of SETDB1 may be a necessary function to prevent vestigial up-regulation of Muller F.

Gain of Dosage Compensation {#sec005}
---------------------------

While it's still unclear precisely how the Muller A acquired dosage compensation, several recent results give insight into how recruitment of dosage compensation proteins might rapidly evolve. On the neo-X chromosome of *Drosophila miranda*, a transposable element (TE) has provided the regulatory sequence to attract the dosage compensation complex \[[@pbio.1002077.ref013]\]. TEs are small DNAs that can self-mobilize and rapidly increase their copy number by inserting throughout the genome. While typically considered selfish or parasitic elements, in this case a TE has provided a mutational source that serves an essential regulatory function. Another recent report discovered that small RNAs derived from a highly abundant noncoding repeat help assemble the dosage compensation complex in the fruit fly *D. melanogaster* \[[@pbio.1002077.ref014]\]. The authors further suggest that other repeats may serve this function in closely related species. Interestingly, both the Muller element A and F (which is the ancestral sex chromosome) are heavily populated with dispersed repeats that show a high rate of turnover \[[@pbio.1002077.ref015]\]. Perhaps such rapidly evolving repeats provide evolutionary flexibility to evolve dosage compensation.

Sex Determination Signals {#sec006}
-------------------------

We outlined above the fluidity in sex determination signals, but the scale of karyotype change described by Viscoso and Bachtrog warrants renewed examination along the many evolutionary branches identified \[[@pbio.1002077.ref010]\]. A first step would be to determine the chromosomal location of the Drosophila sex-determination regulatory genes, to test, for example, if any of the female determiners are on Muller F in species where it is the X. Likewise, other genes could potentially function as dominant male determiners on the Y chromosome. Zebrafish is another interesting animal for further study as it was recently reported that domesticated strains may have a different sex determination system compared to wild progenitors \[[@pbio.1002077.ref016]\].

Y Chromosome Evolution {#sec007}
----------------------

Further analysis will be required to identify Y-linked genes, including potential male determiners. A comparative analysis of Drosophila Y chromosomes found a surprising amount of gene gain and suggested that the entire Y may turn over at a relatively high rate \[[@pbio.1002077.ref017]\]. Recent studies on the mammalian Y found that although only a small set of the former autosomal genes are preserved, many of the remaining Y-linked genes display notable conservation, which is indicative of negative (purifying) selection \[[@pbio.1002077.ref018],[@pbio.1002077.ref019]\]. Other studies found that primate Y's also contain multicopy gene families that may have evolved under positive selection because they confer a selective advantage to males \[[@pbio.1002077.ref020]\]. Moreover, a recent analysis of sequence variation among Drosophila species also suggests that both positive and negative selection can be detected among genes on the Drosophila Y \[[@pbio.1002077.ref021]\]. Thus, the evolutionary forces acting on Y's are clearly more complex than simple decay. Insight will also be gained from studies of other species, such as a recent survey of karyotypes among over 4,700 beetle species that documented extensive variation in presence and structure of Y chromosomes \[[@pbio.1002077.ref022]\].

Role of Heterochromatin {#sec008}
-----------------------

Highly differentiated Y chromosomes, such as in *Drosophila melanogaster*, are composed largely of noncoding, highly repetitive DNA that is kept in a silenced chromatin state known as heterochromatin. Assembling the protein-coding content of Y's is challenging enough, and even less is known about the heterochromatic structure of Y's even in intensively studied species such as humans. Yet there are hints that Y heterochromatin may have functional consequences. Studies have demonstrated that Y's from geographically isolated populations can have different effects on gene expression and phenotypes such as immunity in *D. melanogaster* \[[@pbio.1002077.ref023]\]. These results raise the possibility that variation in heterochromatin, such as copy number of transposable elements and simple-sequence repeats, is under selection. Recent advances in detecting and quantifying variation in simple-sequence repeats open new possibilities for investigating heterochromatin evolution \[[@pbio.1002077.ref024],[@pbio.1002077.ref025]\]. We suggest that further studies of Y heterochromatin, particularly on young and neo-sex chromosomes, may reveal additional factors that bear upon our understanding of the surprising diversity and evolvability of sex chromosomes.

The study by Vicoso and Bachtrog paints a dynamic process in which the transition between autosomes and sex chromosomes is highly labile \[[@pbio.1002077.ref010]\]. These transitions instigate alterations to key biological processes such as chromosome structure, sex determination, and gene regulation. Further studies will shed light on the mechanisms by which these processes evolve and, more generally, help us understand how organisms successfully navigate evolutionary transitions.

[^1]: The authors have declared that no competing interests exist.
